Sinorhizobium meliloti forms symbiotic, nitrogen-fixing nodules on the roots of Medicago truncatula. The bacteria invade and colonize the roots through structures called infection threads. S. meliloti unable to produce the exopolysaccharide succinoglycan are unable to establish a symbiosis because they are defective in initiating the production of infection threads and in invading the plant. Here, we use microarrays representing 16,000 M. truncatula genes to compare the differential transcriptional responses of this host plant to wild-type and succinoglycan-deficient S. meliloti at the early time point of 3 days postinoculation. This report describes an early divergence in global plant gene expression responses caused by a rhizobial defect in succinoglycan production, rather than in Nod factor production. The microarray data show that M. truncatula inoculated with wild-type, succinoglycan-producing S. meliloti more strongly express genes encoding translation components, protein degradation machinery, and some nodulins than plants inoculated with succinoglycan-deficient bacteria. This finding is consistent with wild-type-inoculated plants having received a signal, distinct from the well characterized Nod factor, to alter their metabolic activity and prepare for invasion. In contrast, M. truncatula inoculated with succinoglycan-deficient S. meliloti more strongly express an unexpectedly large number of genes in two categories: plant defense responses and unknown functions. One model consistent with our results is that appropriate symbiotically active exopolysaccharides act as signals to plant hosts to initiate infection thread formation and that, in the absence of this signal, plants terminate the infection process, perhaps via a defense response.
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nitrogen fixation ͉ nodule ͉ succinoglycan ͉ microarray ͉ legume N itrogen-fixing rhizobial bacteria and their host plants exchange species-specific signals that allow them to form a symbiosis based on nutrient exchange. Medicago truncatula and Medicago sativa (alfalfa) exude flavonoid compounds that are perceived by their rhizobial symbiotic partner S. meliloti (1) . These flavonoids stimulate S. meliloti to produce Nod factor (NF), a lipochitooligosaccharide signal that induces multiple responses in host plants (1) . These plant responses include induction of root cortical cell divisions resulting in nodule development and curling of plant root hairs that serves to trap a microcolony of S. meliloti within a tight ''colonized curled root hair'' (CCRH) (2) . The bacteria within the CCRH then induce the formation of an infection thread, a progressive ingrowth of the root-hair cell membrane, which grows in a polarized fashion to the base of this cell (2) . New infection threads are initiated at each cell layer, allowing the bacteria to penetrate deeper layers of root tissue and delivering the bacteria to the root cortex. The bacteria are engulfed within host membrane-derived compartments of the cortical cells where they differentiate into nitrogen-fixing bacteroids (2) .
Analyses of S. meliloti strain 1021 performed over 20 years have revealed the critical role of acidic rhizobial exopolysaccharides in bacterial invasion (1, 2). Succinoglycan (EPS I), a polymer of octasaccharide subunits carrying succinyl, acetyl, and pyruvyl modifications ( Fig. 1) is the most intensively studied of these exopolysaccharides (1, 2). Colonies of S. meliloti 1021 grown with the dye Calcofluor were found to fluoresce under UV light, facilitating the isolation of succinoglycan-deficient (exo) mutants (3) . Strikingly, these exo mutants were found to be symbiotically deficient, eliciting the formation of small nodules devoid of bacteria. Studies using GFP-marked S. meliloti revealed that succinoglycan is required early in the invasion process, as mutants unable to synthesize succinoglycan are enclosed in CCRH, but do not enable infection thread formation. Acidic exopolysaccharides now are known to be required for a number of other rhizobia to establish a symbiosis (4) (5) (6) .
The synthesis of succinoglycan has been studied in detail. Synthesis is initiated by the exoY gene product, which links galactose-1-phosphate to an undecaprenol-phosphate carrier (7) (Fig. 1) and is completed by the addition of seven glucoses and the noncarbohydrate substituents (7) .
Succinoglycan biosynthesis now is well characterized, but the molecular mechanisms by which succinoglycan permits nodule invasion by S. meliloti are not understood, although many clues have been obtained. For example, several observations suggest succinoglycan does not act merely by forming a protective layer around the bacteria: (i) the symbiotic function of succinoglycan can be provided in trans between strains in coinoculation experiments (8) and (ii) succinoglycan produced by an exoH mutant, which lacks the succinyl group and is almost completely in the high-molecular-weight (HMW) form, is not symbiotically proficient (9, 10) . The existence of plant systems that recognize structural elements of symbiotically active exopolysaccharides is implied by the ability of a particular exopolysaccharide to promote invasion by a rhizobial species on some of its plant hosts but not on other hosts (11, 12) .
Evidence suggests that it is the low-molecular-weight (LMW) forms of succinoglycan and other exopolysaccharides that function in symbiosis: (i) the S. meliloti exoH mutant, which produces only HMW succinoglycan, cannot facilitate infection thread formation on alfalfa or M. truncatula (10) (K.M.J. and G.C.W., unpublished data); and (ii) an exoK mutant of Rhizobium NGR234, which produces only HMW exopolysaccharide, cannot invade nodules on some hosts (12) . These observations argue that LMW exopolysaccharides may act as signals to the plant that enable critical events necessary for symbiosis. One possible reason for the requirement for LMW exopolysaccharide might be that only LMW forms can reach the root-hair cell membrane to deliver a signal whereas the plant cell wall prevents the access of HMW forms to the cell membrane.
The plant processes that might be affected by such exopolysaccharide-mediated signals have not yet been established. Numerous possibilities have been suggested, ranging from promoting rearrangements of the actin cytoskeleton necessary for infection thread growth to suppression of plant defense responses. Previous studies have shown that failed infections by succinoglycan-deficient S. meliloti are associated with markers of plant defense such as the deposition of callose and phenolic compounds (13) . It is not yet known whether a plant defense response is causal for infection thread failure of succinoglycan-deficient S. meliloti (13) . However, signs of plant defense are not always associated with failed infections and have not been observed during infection thread failure of the S. meliloti nodF/nodL double mutant on M. truncatula (14, 15) .
We reasoned that differential gene expression responses might provide fundamental clues to the mechanisms underlying infection thread failure of succinoglycan-deficient bacteria, and we have used M. truncatula microarrays to compare the plant response to wildtype versus succinoglycan-deficient S. meliloti at 3 days postinoculation (dpi), an early time point that predates infection thread failure. Our data strikingly show that inoculation with wild-type, succinoglycan-producing S. meliloti results in greater expression of a broad spectrum of translation components, protein degradation machinery, and some nodulins. Because a similar profile of functional categories is induced in plants inoculated with wild-type S. meliloti relative to uninoculated plants (16) , this suggests that wild-type S. meliloti induces a metabolic shift that may prepare the plant for infection and that is absent in plants inoculated with succinoglycan-deficient S. meliloti. In contrast, inoculation with S. meliloti lacking succinoglycan results in greater expression of an unexpectedly large number of genes involved in plant defense responses and genes of unknown function relative to plants inoculated with wild-type S. meliloti. This evidence of an early defense response, before visible signs of infection thread failure, is consistent with a scenario in which the lack of a succinoglycan signal itself results in a defense response. One possibility is that, as a strategy for ensuring only an appropriate symbiont gains access, plants treat bacteria in CCRHs as pathogens unless they produce a symbiotically active exopolysaccharide, or some functionally equivalent signal, that can override the defense response.
Results
The S. meliloti exoY Mutant Cannot Form a Symbiosis, but at 3 dpi, M. truncatula Roots Inoculated with Wild-Type or exoY Mutant S. meliloti
Are Not Yet Morphologically Distinguishable. In the past, most studies of the role of succinoglycan in symbiosis have been performed on alfalfa. However, we used the alternative plant host M. truncatula in these analyses because DNA microarrays are available that allow the rapid assay of transcriptional responses. The succinoglycan-deficient S. meliloti exoY mutant cannot form a symbiosis with either alfalfa or M. truncatula (3, 11) [supporting information (SI) Fig. 4 ].
However, there are no morphological differences yet apparent at 3 dpi between M. truncatula roots inoculated with the wild type or the exoY mutant. At this time, both wild type and the exoY mutant are trapped within CCRHs, but infection threads have not begun to form in response to either strain (Fig. 2) . Thus, no failed infection threads are yet visible in roots inoculated with the exoY mutant (Fig.  2) . The root-hair curling response is fully induced at 3 dpi by exposure to S. meliloti NF, which both the wild type and the exoY mutant produce in a functional form (8) . Roots inoculated with either strain are therefore expected to have similar NF gene expression responses as well as morphological responses.
A very large population of root cells, including root hairs and cortical cells, exhibits gene expression changes in response to NF (17) , which has probably facilitated the detection of gene expression differences between plants inoculated with wild type and NFdeficient S. meliloti mutants. In contrast, the number of root cells exhibiting gene expression changes in response to succinoglycan is predicted to be much smaller, because at most a few dozen CCRHs form per root (18) . If the number of root hairs that form infection threads reflects the number of root hairs in which gene expression changes occur in response to succinoglycan, these studies require the detection of exquisitely small differences in gene expression. Nonetheless, we have determined that at 3 dpi, the root gene expression responses to S. meliloti wild type and the succinoglycandeficient exoY mutant have already diverged considerably.
At 3 dpi, 390 Genes Are Already Strongly Differentially Expressed Between Roots Inoculated with S. meliloti 1021 Wild Type or the exoY
Mutant. M. truncatula roots inoculated with either the wild type or the succinoglycan-deficient exoY mutant were harvested at 3 dpi, and differential gene expression was analyzed by using M. truncatula 16,000-gene microarrays. Of the 5,686 genes expressed sufficiently to produce signal on Ն4 of the 6 array replicates [Gene Expression Omnibus (GEO) data series GSE8509], 1,692 are differentially expressed (SI Table 4 ). A fold change cut-off of 2 was applied to the genes identified as significant with a false discovery rate (FDR) Ͻ0.1% (q value Ͻ 0.03) when using Significance Analysis of Microarrays (SAM) (19) , which limited the analysis to 390 differentially expressed genes (116 genes expressed Ն2-fold more strongly in the wild-type samples, and 274 genes expressed Ն2-fold more strongly in the exoY samples). Confirmations of Microarray Results. Real-time PCR confirmed the results of the microarray for 7 of 8 messages tested when actin 11 was used as the control, and for 6 of 8 messages tested when ubiquitin was used as the control (Table 1 ). Ubiquitin and actin 11 were chosen because they have been previously used as controls in M. truncatula quantitative PCR (20, 21) . The messages listed in Table 1 were chosen for confirmation because they gave strong signals on all six microarray replicates and gene-specific PCR primers could be selected. (SI Table 5 lists primer sequences.)
Functional Classes of the Differentially Expressed Genes. We classified all of the genes analyzed in our data set by predicted function using the Medicago Gene Index and the Gene Ontogeny for the Medicago 16K array, § ¶ but we further refined the analysis by using the entries at the National Center for Biotechnology Information (NCBI) and UniProt. The functional category distribution of all of the genes analyzed is depicted in Fig. 3 . We then compared functional categories of all of the genes analyzed versus genes expressed Ն2-fold more strongly in wild-type-inoculated roots or Ն2-fold more strongly in exoY mutant-inoculated roots. Using these comparisons, we calculated the standardized difference score (z score) ( Table 2; SI Tables 6 and 7) for each functional class, which provides a statistical measure of the difference between the number of genes expected to be differentially regulated and those observed to be differentially regulated (22) . Statistically significant numbers of differentially expressed genes grouping into different functional categories reinforces the argument that the differences in gene expression between two treatments have not occurred by chance and therefore represent real biological differences (22) . In wild-type-inoculated roots, the functional categories overrepresented among more highly expressed genes include ribosomal components/translation factors and protein degradation machinery, suggesting active changes in metabolism occur in wild-typeinoculated roots (23) . In exoY mutant-inoculated roots, only two functional categories are overrepresented among more highly expressed genes: plant defense genes and genes of unknown function.
Functional Classes Overrepresented Among Genes Expressed More
Strongly in Wild-Type-Inoculated Roots. Ribosomal components and translation factors are highly overrepresented among genes expressed more strongly in wild-type-inoculated roots. It has been reported that genes encoding translation apparatus components are induced in roots by wild-type S. meliloti between 1 and 3 dpi relative to uninoculated roots (16) . These findings are consistent with wild-type-inoculated plants undergoing changes in metabolism necessary to create a special environment for symbiosis, whereas this stimulation is absent in exoY mutant-inoculated plants.
Cellular components involved in protein degradation are overrepresented among genes expressed more strongly in wild-typeinoculated roots. The central importance of regulated proteolysis in plant development has been long recognized (23) . El Yahyaoui et al. (24) observed differential regulation of components of the protein degradation machinery during nodule development; however, our study reports a significant global regulation of this class associated with nodulation. The expression of a significant number of protein degradation components in wild-type-inoculated roots is intriguing and may suggest that a global developmental change in roots occurs before infection thread formation.
Photosynthesis and plastid component-encoding genes are overrepresented among genes expressed more strongly in wild-typeinoculated roots. Under our growth conditions, all roots experienced slight greening, indicative of chlorophyll production caused by light exposure (25) . Nevertheless, the overrepresentation of this category under these conditions was unexpected.
Nodulins are a diverse class of factors induced in host roots during nodule development. M. truncatula nodulins are overrepresented among genes expressed more strongly in wild-typeinoculated roots. However, the overrepresentation consists of only three genes (1.2 genes expected) ( Table 2; SI Table 6 ). In fact, in this study, the vast majority of analyzed nodulins are either not differentially expressed or are differentially expressed by Ͻ2-fold (SI Table 4 ), suggesting that many early responses of plant roots to exoY mutant S. meliloti are normal or nearly normal. For example, early nodulin 12 (ENOD12) (TC101825) has been shown previously to be induced 8.9-fold in plants inoculated with the wild type at 3 dpi (16). However, ENOD12 expression was only 1.4-fold greater in roots inoculated with the wild type than those inoculated with the exoY mutant (SI Table 4 ).
Intriguingly, one of the nodulin genes that is expressed more strongly in wild-type-inoculated roots is the LysM domaincontaining receptor-like kinase 6 (LYK6) (TC104234), which is quite similar to the LYK3 gene encoding the NF entry receptor (15) . This finding suggests the interesting possibility that exposure to succinoglycan might stimulate expression of the NF perception machinery and thereby further sensitize the interior of the infection thread to NF. Because NF perception is required for infection thread extension (15) , this fits with a model in which NF and succinoglycan work together to facilitate infection thread penetration. Microarray results confirmed for all four messages expressed more strongly in exoY-inoculated plants, relative to either control. Confirmations were more variable for the four messages expressed more strongly in wild-type-inoculated plants. Microarray results for the ripening-related protein message confirmed whether actin 11 or ubiquitin was the control. For both the 60S ribosome subunit L18a message and the cationic peroxidase message, the microarray result was confirmed when actin 11 was the control but not when ubiquitin was the control. For glutathione S-transferase message, microarray result was confirmed when ubiquitin was the control but not when actin 11 was the control
Plant Defense Genes and Genes of Unknown Function Are Expressed
More Strongly in exoY Mutant-Inoculated Roots. Expression of plant defense genes in an unexpectedly large number is the most striking feature of the genes expressed more strongly in exoY mutantinoculated plants (Table 3) . Of 301 defense genes analyzed, 21 are expressed more strongly in exoY mutant-inoculated roots.
Defense genes expressed more strongly in exoY-inoculated roots include a putative blight resistance protein SH20 (TC96813), an endo-1,4-␤-glucanase (TC109893) similar to plant cellulases that protect against fungal attack, and defender against cell death 1 (TC110386), which is similar to genes involved in suppression of apoptosis. § Examples of defense genes expressed during normal nodulation have been noted before (16, 24, 26, 27) . Interestingly, Lohar et al. (16) found that defense-related genes are underrepresented among genes induced at 2-3 dpi by wild-type S. meliloti but were significantly overrepresented at the very early time point of 1 h postinoculation. NF itself might even activate this very early defense response. An intriguing possibility is that exoY mutant-inoculated roots are arrested in the development of the symbiosis such that they fail to suppress a defense response that occurs very early post-inoculation. Succinoglycan is a possible candidate for suppression of such a defense response.
Genes of unknown function were all classed together for our purposes. Although a heterogeneous group, these genes are overrepresented among those expressed more strongly in exoYinoculated roots, which is consistent with the fact that broadspectrum gene expression differences between exoY mutantinoculated and wild-type-inoculated roots may not have been highlighted and studied before. In contrast, this class is underrepresented among genes expressed more strongly in wild-typeinoculated roots, which is not surprising given that a large number of M. truncatula genes induced during a successful symbiosis with the wild type have been identified in previous studies and characterized extensively.
Other Genes of Interest. Several of the most intriguing differentially expressed genes are predicted to be involved in signal perception and transmission. Two putative receptors expressed more strongly in wild-type-inoculated roots are a ␤-glucan receptor (TC104170) and a leucine-rich-repeat (LRR) receptor (TC103114). Both of these genes are candidates for a succinoglycan receptor. If succinoglycan were to up-regulate its own receptor, this could increase the supply of receptor available for insertion in the new membrane material at the growing tip of the infection thread. Four different putative receptor genes are expressed more strongly in exoY mutant-inoculated plants (SI Tables 4 and 8) . One encodes a CHRK1-like receptor (TC104154), which helps maintain cell specificity and regulates cytokinin levels in Nicotiana tabacum plants (28) . Another encodes a PERK1-like receptor kinase, which is induced by wounding and pathogen attack in Brassica napus (29) .
Interesting signaling pathway components are expressed more strongly in exoY mutant-inoculated plants, including a predicted inositol polyphosphate-5-phosphatase (TC108095), which is involved in phospholipid signaling, and two calmodulins (TC106874 and TC99865), which are involved in calcium signaling. § Some of these receptors and signaling components have been selected for inclusion in an RNAi knockdown screen in collaboration with J. Stephen Gantt's laboratory (University of Minnesota) (www. medicago.org/rnai).
Several genes predicted to modulate transcription also are differentially expressed. One, expressed more strongly in exoY mutant- Positive z scores indicate categories represented at a higher than expected frequency, and negative z scores indicate categories represented at a lower than expected frequency. z scores Ͼ1.65 or ϽϪ1.65 are significant and shown in bold (90% confidence). See SI Table 6 for values used to calculate z scores. inoculated roots, is predicted to encode a WRKY transcription factor (TC105848), § which is particularly interesting because WRKY transcription factors regulate plant defense responses (30) .
Vesicular trafficking and modulation of the actin cytoskeleton are critical for cellular tip growth, as occurs in root hairs (31) . An actin-related protein 8A (TC99917) gene predicted to be involved in polymerization of actin filaments is expressed more strongly in wild-type-inoculated roots (32) . Conversely, a predicted profilin (TC99903), a type of protein that prevents actin polymerization, is expressed more strongly in exoY mutant-inoculated roots (33) . Perhaps factors that promote actin polymerization are up-regulated in wild-type-inoculated roots that are soon to form infection threads, whereas factors that prevent actin polymerization are expressed more strongly in exoY mutant-inoculated roots. Several genes predicted to encode Rab-like GTPases and ADP-ribosylation factors also are differentially regulated. The precise function of particular Rab-like proteins and ADP-ribosylation factors in tip growth of legume root hairs is not yet known, but this is sure to be an exciting area of discovery (31) .
Further Comparisons with Other Studies.
A small number of genes have been previously determined, by Northern blot analysis or real-time PCR, to be differentially expressed between wild-typeand exo mutant-inoculated roots (34) (35) (36) (37) . Our data set, which represents roots harvested at 3 dpi, is earlier than the time points at which expression was assayed for most of the genes previously determined to be differentially expressed (34) (35) (36) . MtLEC4, encoding a putative lectin (TC94544), is expressed in wild-typeinoculated roots but not in exo mutant-inoculated roots at 4 weeks post-inoculation (wpi) ( §, 34). In our study, no MtLEC4 signal was detected by microarray (GEO GSE8509) or by Northern blot analysis in plants inoculated with either the wild type or the exoY mutant (data not shown). Another gene, MtN1 (TC86337), encoding a putative antimicrobial peptide, is expressed in wild-typeinoculated roots but not in exoY mutant-inoculated roots at 3 wpi, although expression of MtN1 has been detected as early as 4 dpi in wild-type-inoculated roots (35, 36) . However, in our data set, no MtN1 signal was detected (GEO GSE8509). The studies of differential gene expression responses of M. truncatula roots at 3-4 wpi, after wild-type-inoculated roots have successfully formed a symbiosis and exoY mutant-inoculated roots have become nitrogenstarved, may have assayed changes that are a downstream consequence of differential invasion events.
Only one gene has a different expression ratio at a comparable time point in our study and a previous study. The MtMMPL1 gene (TC95584), encoding a member of the matrix metalloendoprotease family, previously was found to be expressed more strongly in wild-type-inoculated roots than in exo mutant-inoculated roots at 3 dpi (37), whereas in our study, no significant difference in expression was detected between wild-type-inoculated and exoY mutantinoculated roots.
Discussion
We have found that M. truncatula roots inoculated with wild-type, succinoglycan-producing S. meliloti express ribosomal components/ translation factors and protein degradation machinery more strongly than those inoculated with the exoY mutant, suggesting active changes in metabolism in these roots. In contrast, roots inoculated with a succinoglycan-deficient exoY mutant of S. meliloti express an unexpectedly large number of plant defense genes more strongly than roots inoculated with the wild type. Differential gene expression between roots inoculated with these strains is evident at 3 dpi, before morphological differences in infection threads are visible. Our results suggest that M. truncatula plants sense the presence of succinoglycan early in the infection process and make profound metabolic adjustments that prepare the roots for invasion by S. meliloti. Because NF perception is required for infection thread extension (15, 38) , this fits with a model in which NF and succinoglycan work together to facilitate infection thread penetration. In the absence of succinoglycan, these metabolic changes do not occur and plant defense genes are expressed. Plant defense responses have been implicated in the termination of excess infection threads during a normal invasion (39) , and it is possible that plant defense is involved in termination of infection by succinoglycan-deficient S. meliloti as well. One possible model is that the plants treat succinoglycan-deficient S. meliloti as although it were an invading pathogen and mount a defense response to inhibit this invasion.
Analysis of M. truncatula invasion phenotypes and gene expression responses to S. meliloti exo mutants that make only HMW or structurally incomplete succinoglycan will likely yield a more complete picture of how exopolysaccharides might signal plant hosts to permit rhizobial invasion. Expression time courses of selected defense genes may clarify the kinetics of defense response induction and suppression by S. meliloti. Analysis of S. meliloti mutants may yield the identity of these defense triggers and clarify the role of succinoglycan in defense suppression.
How general are these findings? Do exopolysaccharides act similarly in other rhizobial symbioses, or even more broadly, might they act similarly as modulators in other bacterial/eukaryotic host interactions? Addressing this issue may be complicated because of the difficulties functional redundancy presents to genetic studies. Rhizobia are now known to synthesize structurally different, but functionally equivalent, acidic exopolysaccharides that play an essential role in nodule invasion by enabling infection thread formation. In retrospect, the choice of strain 1021 for the original genetic studies of succinoglycan was serendipitous because succinoglycan is the only symbiotic exopolysaccharide made in a functional form by Sm1021 (40, 41) . We now know that EPS II, which also can promote nodule invasion, is not produced by Sm1021 because of the presence of a insertion sequence in the positive regulator expR (40) , whereas the exopolysaccharide K antigen is produced but in a symbiotically inactive form (41) . Had a strain that produces a second functional exopolysaccharide been chosen for study, the requirement for symbiotically active exopolysaccharides in invasion would have been missed because of this functional redundancy. Perhaps functional redundancy accounts for the failure to detect a requirement for exopolysaccharide function for symbiosis in some rhizobium/legume pairs (42) . More broadly, because many bacteria make multiple surface polysaccharides, the existence of functional redundancy could have obscured key roles for polysaccharides in genetic analyses of other symbiotic or pathogenic interactions between a bacterium and a eukaryotic host.
Materials and Methods
Bacterial Strains. S. meliloti 1021, the exoY210:Tn5 mutant, the pHC60 plasmid, and growth conditions have been described (3, 10, 43) .
Plant Material. M. truncatula cv. Jemalong A17 seedlings were prepared as described (44, 45) , with modifications: plates were supplemented with 1 mM of the ethylene synthesis inhibitor ␣-aminoisobutyric acid to facilitate nodulation (45) ; growth was at 25°C, in a 16:8 h light:dark cycle, with roots shielded. Roots were inoculated with 25 ml of OD 600 ϭ 0.05 S. meliloti. Root hairs were imaged by using a Zeiss Apotome microscope and Zeiss Axiovision Software.
RNA Isolation and cDNA Production. Roots from Ϸ50 plants per experiment were harvested at 3 dpi as described (16) . RNA was DNased with RNase-free DNase (Qiagen) or DNA-free DNase (Ambion). DNased RNA was pooled from five separate experiments for each S. meliloti strain treatment. A 66-g aliquot of each RNA pool was used for cDNA synthesis with random primers by using the 3DNA Array 50 Expression Array Detection Kit (Genisphere).
Microarray Processing and Data Analysis. M. truncatula genome-wide glass slide microarrays were produced by using the 16,000 70-mer Medicago Array-Ready Oligonucleotide Set (Operon GS-1700 -02, Version 1.0). Each of three technical replicate microarrays was hybridized with Cy3-labeled cDNA from S. meliloti wild-type-inoculated plants and Cy5-labeled cDNA from exoY mutant-inoculated plants. Another three microarrays were hybridized with cDNAs labeled in the reverse dye direction (dye swap). Hybridization procedures for the 3DNA Array Expression Array Detection Kit (Genisphere) have been described (16) . Microarray slides were imaged and normalized as described with an Axon scanner and Genepix software (16) . Normalization was by local linear regression analysis (LOWESS) and by four-way analysis of variants (ANOVA) (46, 47) . Only spots represented on at least four of six slides were included in the analysis.
Reverse Transcription and Real-Time PCR. Transcriptor Reverse Transcriptase (Roche) reactions were performed on 180 ng of each RNA pool. SYBR green core real-time PCR (ABI) reactions were performed on diluted reverse-transcription reactions in an ABI 7500 Fast Real-Time PCR System. SI Table 5 lists real-time PCR primer sequences and conditions. Ubiquitin (GenBank accession no. AJ245511) (20) and actin 11 (TC106785) (21) were control messages. Other real-time PCR primers were selected by using the Primer 3 software at http://frodo.wi.mit. edu (48) .
Functional Classifications of Analyzed Genes. Classifications of the 5,686 genes analyzed in our data set are based on the Medicago Gene Index and the Gene Ontogeny for the Medicago 16K array mapped to MtGI Release 8.0 and links to NCBI (www.ncbi.nlm.nih.gov) and UniProt (www.pir.uniprot.org). § ¶ z scores were calculated by using the values in SI Table 6 using methods in ref. 22 .
